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Phylogeography of Stable Fly (Diptera: Muscidae) Estimated by Diversity
at Ribosomal 16S and Cytochrome Oxidase I Mitochondrial Genes
Abstract
The blood-feeding cosmopolitan stable fly, Stomoxys calcitrans L. (Diptera: Muscidae), is thought to disperse
rapidly and widely, and earlier studies of allozyme variation were consistent with high vagility in this species.
The geographic origins of New World populations are unknown. Diversity at mitochondrial loci r16S and
cytochrome oxidase I was examined in 277 stable flies from 11 countries, including five zoogeographical
regions. Of 809 nucleotides, 174 were polymorphic and 133 were parsimony informative. Seventy-six
haplotypes were found in frequencies consistent with the Wright–Fisher infinite allele model. None were
shared among four or more zoogeographical regions. The null hypothesis of mutation neutrality was not
rejected, thereby validating the observed distribution. Fifty-nine haplotypes were singular, eight were private
and confined to the Old World, and three of 76 haplotypes were shared between the Old and New World.
Only 19 haplotypes were found in the New World, 14 of which were singletons. Haplotype and nucleotide
diversities were heterogeneous among countries and regions. The most diversity was observed in sub-Saharan
Africa. Regional differentiation indices were GRT = 0.26 and NRT = 0.31, indicating populations were highly
structured macrogeographically. Palearctic and New World flies were the least differentiated from each other.
There were strong genetic similarities among populations in the Nearctic, Neotropical, and Palearctic regions,
and it is most likely that New World populations were derived from the Palearctic after 1492 CE, in the
colonial era.
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POPULATION BIOLOGY/GENETICS
Phylogeography of Stable Fly (Diptera: Muscidae) Estimated by
Diversity at Ribosomal 16S and Cytochrome Oxidase I
Mitochondrial Genes
J. G. MARQUEZ, M. A. CUMMINGS, AND E. S. KRAFSUR1
Department of Entomology, Iowa State University, Ames, Iowa 50011
J. Med. Entomol. 44(6): 998Ð1008 (2007)
ABSTRACT The blood-feeding cosmopolitan stable ßy, Stomoxys calcitransL. (Diptera: Muscidae),
is thought todisperse rapidly andwidely, andearlier studies of allozymevariationwere consistentwith
high vagility in this species. The geographic origins ofNewWorld populations are unknown.Diversity
atmitochondrial loci r16S and cytochromeoxidase Iwas examined in 277 stable ßies from11 countries,
including Þve zoogeographical regions. Of 809 nucleotides, 174 were polymorphic and 133 were
parsimony informative. Seventy-six haplotypeswere found in frequencies consistentwith theWrightÐ
Fisher inÞnite allele model. Nonewere shared among four or more zoogeographical regions. The null
hypothesis of mutation neutrality was not rejected, thereby validating the observed distribution.
Fifty-nine haplotypes were singular, eight were private and conÞned to the Old World, and three of
76 haplotypes were shared between the Old and New World. Only 19 haplotypes were found in the
New World, 14 of which were singletons. Haplotype and nucleotide diversities were heterogeneous
among countries and regions. The most diversity was observed in sub-Saharan Africa. Regional
differentiation indiceswereGRT 0.26 andNRT 0.31, indicating populationswere highly structured
macrogeographically. Palearctic and New World ßies were the least differentiated from each other.
There were strong genetic similarities among populations in the Nearctic, Neotropical, and Palearctic
regions, and it is most likely that New World populations were derived from the Palearctic after 1492
CE, in the colonial era.
KEY WORDS colonizing species, invasive species, phylogeography, gene ßow, mitochondrial
variation
The stable ßy, Stomoxys calcitrans L. (Diptera: Mus-
cidae), is a cosmopolitan, synanthropic ßy of medical
and veterinary importance because of its blood-feed-
ing habits and potential for harboring and mechani-
cally transmitting pathogens (Zumpt 1973). Zumpt
(1973) recognized 18 Stomoxys species, 14 of which
occur in the Ethiopian region and Þve in the Oriental
region. Only one species, S. calcitrans, has been re-
corded in the New World, and its origins there were
said to be Palearctic (Brues 1913). In his deÞnitive
review of the Stomoxyinae, Zumpt (1973) surmised
that S. calcitrans originated in the Oriental region, but
offered no reasons for the suggestion.
During the warm months in the north-central
United States, stable ßy population densities demon-
strate boom-and-bust population dynamics locally,
ßuctuating rapidly over 2 orders of magnitude (Black
andKrafsur 1985,E.S.K., 16yrunpublishedcontinuous
sampling). Adult age structures were heavily biased
toward the youngest, prereproductive age groups, in-
dicating low per capita reproductive success (Krafsur
et al. 1994). The annual number of generations varies
in the United States from 4 to 10, based on summa-
tionsof288degree-daysabovea12.9 threshold foregg
to ovipositing adult (R. D. Moon, personal communi-
cation). Stable ßies are highly fecund, and larvae de-
velop in decaying vegetable matter, particularly that
associatedwith animal production systems. Stableßies
are said to disperse widely, including massive, long-
distance movements associated with weather fronts
(for review, see Broce 1993), but the evidence seems
largelycircumstantial.MarkÐreleaseÐrecaptureexper-
iments indicate a median daily dispersion of  4 km2
(R. D. Moon, unpublished data), although individual
ßies have been documented to have moved200 km
(Hogsette andRuff 1985).High dispersal rates predict
genetic homogeneity among populations. Stable ßies
are economically important, and they seem to be an-
other example of an invasive species that has colo-
nized most of the world via the agency of humankind.
Examples of semidomesticated Diptera that have dis-
persed throughout much ormost of the world include
Drosophila melanogaster (Meigen) (Hale and Singh
1991); the Mediterranean fruit ßy, Ceratitis capitata
(Weidemann) (Gasperi et al. 2002); and the house ßy,
Musca domestica L. (Krafsur et al. 2005). In addition,1 Corresponding author, e-mail: ekrafsur@iastate.edu.
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the face ßy, Musca autumnalis De Geer, colonized
much of North America in a 15-yr interval beginning
in 1952, and its population genetics has been reviewed
previously (Krafsur and Moon 1997). Its New World
origin was most likely the British Isles (Cummings et
al. 2005).
We are unaware of published work on stable ßy
biogeography. Earlier genetic research showed diver-
sities of only 9.6% over 38 allozyme loci and no sig-
niÞcant genetic differentiation among 10 Iowa and
Minnesota populations (Krafsur 1993), conÞrmed by
later work in Nebraska (Szalanski et al. 1996). Allo-
zyme studies require freshly frozen material, which
greatly limits the geographic scale of sampling. More-
over, allozyme variation may respond to balancing
selection, in which heterozygosity per se is at a selec-
tive advantage (Kreitman and Akashi 1995). A con-
sequence of such balancing selection is to reduce
estimates of genetic differentiation among popula-
tions (Schierupet al. 2000).More recently,Gilles et al.
(2004) developed eight highly polymorphic microsat-
ellite marker loci in stable ßies that were tested on a
stable ßy population on La Reunion island.
Here, we ask how genetically variable are stable ßy
populationsovera rangeofgeographic scales, andhow
is the variation spatially distributed? Can we discern
a colonization path based on the spatial distribution of
mitochondrial haplotypes? The origin of New World
(NW) stable ßies is also of interest, andwediscuss our
results according to three scenarios: 1) stable ßies are
native to the NW, perhaps predating the arrival of
humans, 12,000 yr ago; 2) they are historically en-
demic with subsequent post-Columbian immigration
from theOldWorld (OW); or 3)NW stable ßies were
introduced in colonial times, exchanging migrants be-
tween NW and OW since the sixteenth century.
Materials and Methods
Sampling Scheme and Fly Collection and Process-
ing. Twenty samples totaling 277 ßies were obtained
from Þve zoogeographic regions and 10 countries,
including Korea, Russia (three samples), Kazakhstan,
and the United Kingdom (three samples) in the
Palearctic region; Thailand, Indonesia (two samples),
andPalau in theOriental region;Kenya (two samples)
and Ivory Coast in the Ethiopian region; United States
(Iowa, Minnesota, Florida, West VirginiaÑÞve sam-
ples in all) in the Nearctic region; and Brazil in the
Neotropical region (Fig. 1). A nested design of coun-
tries within WallaceÕs zoogeographical regions was
evaluated in which haplotype frequencies within
countries were pooled. Pooling within-country data
were justiÞedbecauseKruskalÐWallis analyses of vari-
ance(ANOVAs) showed thedatawerehomogeneous.
Flies were collected with sweep nets. They were pre-
served in 75% aqueous ethanol and then rehydrated in
Tris-EDTA buffer before processing. Abdomens of
engorged ßies were excised to avoid contamination
fromhostblood.Taxonomic identitieswereconÞrmed
by using keys of Zumpt (1973). Voucher specimens
are deposited in the Entomology Museum at Iowa
State University (Ames, IA).
DNA Extraction and Amplification. DNA was ex-
tracted by using the DNeasy tissue kit (cat. no. 69506,
QIAGEN, Valencia, CA). A 300-bp fragment of the
ribosomal 16S (r16S2) and 550 bp of the cytochrome
oxidase I (COI) mitochondrial genes were ampliÞed
in 50 l of polymerase chain reactions (PCRs), con-
sisting of 45l of the 1.1ReddyMix PCRMasterMix
(cat. no. AB-0575-LD, ABgene, Rochester, NY), 2.5l
of sterile-autoclaved water, 2 l of DNA extract (80
ng), and 0.5 M each of the oligonucleotide primers
N1-J-12585 [5-GGT CCC TTA CGA ATT TGA ATA
TAT CCT-3] and LR-N-12866 [5-ACA TGA TCT
GAG TTC AAA CCG G-3] (Simon et al. 1994) for
locus r16S, and UEA-3 [5-TAT AGC ATT CCC ACG
AAT AAA TAA-3] (Lunt et al. 1996) and C1-N2329
[5-ACT GTA AAT ATA TGA TGA GCT CA-3] (Si-
mon et al. 1994) for COI. Thermocycling was per-
formed in a PTC-100 MJ Research (Watertown, MA)
programmable thermal controller and consisted of
30 cycles of 93C for 45 s, 52C for 1 min, and 72C
for 1 min.
Fig. 1. Stable ßy sample sites. Points in United Kingdom and Russia overlap.
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The quality and concentration of amplicons were
checked by resolving PCRproducts in 1.5% (0.5Tris
borate-EDTA) ethidium bromide-stained, agarose
gels. DNA sequencing was done at the Iowa State
UniversityDNASequencing and Synthesis Facility on
an ABI 3730 automated sequence analyzer (Applied
Biosystems, Foster City, CA).
Sequence Alignment and Haplotype Distinction.
All sequences were checked against pseudogene am-
pliÞcation by inspecting nucleotide compositions, the
transition-transversion ratios, and by censoring se-
quences with poor alignment or with rare substitu-
tions as determined by visual inspection of electro-
pherograms.DNA sequenceswere processed by using
BioEdit (Hall 1999) andMEGA version 3.0 (Kumar et
al. 2004), and they were aligned by using ClustalX
(Thompson et al. 1997). The alignments revealed sub-
stitutions at variable sites and deÞned locus-speciÞc
variants. All analyses were performed on composite
haplotypes, produced by concatenating loci. The
DNAsequencesofhaplotypeswere submitted toGen-
Bank (accession nos. for r16S, DQ662247 to
DQ662322, and for COI, DQ662323 to DQ662398).
The hypothesis that the haplotype frequency dis-
tribution conformed to the inÞnite allele model
(Kimura and Crow 1964) was evaluated by using the
Ewens sampling formula (Ewens 1972). It estimates
the probability of the observed frequency partition of
k haplotypes in a sample of N genes.
Correspondence analysis was used (Benze´cri 1992;
Greenacre 1993) to graph the relationship among geo-
graphically classiÞed samples and to test the homo-
geneity of haplotype frequencies among them. The
graphical display of samples suggested, a posteriori, a
way to partition diversity based on the haplotype fre-
quency proÞle. It also allowed testing the resulting
partitionwith anexactMonteCarlo2 likelihood-ratio
test. In this way, haplotypes were grouped by their
spatial afÞnities. The frequency distribution was de-
Þned by contingency tables with geographic samples
as columns and haplotype designations as rows.Mar-
ginal totals described the frequency distribution.
The distribution variance was estimated as (2/n) 
((nij ni	 n	j)/n)
2(ni	 n	j/n)
1, where 2 is the 2
value for the contingency table, nij is the observed
count for the ith row in the jth column; ni	 and n	j are
the ith row and jth column totals, and n is the grand
total. Here, the variance measures the discrepancy
between row and column marginal distributions. The
total variance was decomposed into its principal com-
ponents, estimated by the eigenvalues of the contin-
gency table, transformed to 2 distances, and plotted
to estimate the distances among grouped samples
based on differences in haplotype frequencies.
Nucleotide Diversity. Nucleotide diversity was an-
alyzed by using the prescription of Nei and Kumar
(2000). The total nucleotide diversity, T, was parti-
tioned intowithin samples,S, sampleswithin regions,
SR, and among regions,RT, according to the relation
T S	 SR	 RT. The average nucleotide diver-
sity within samples was calculated as S  wKK,
wherewK is the size of the kth sample proportional to
the total. Here, K  q/(q  1)xixjdij is the nucle-
otide diversity in the kth sample, q is the number of
haplotypes, xi is the population frequency of the ith
haplotype, and dij is the number of substitutions per
site between the ith and jth haplotypes. The diversity
of samples within regions SR XY (X	 Y)/2,
whereXYq/(q1)xiyidij is theexpectednumber
of nucleotide substitutions between two randomly
chosen ßies one from each of samples X and Y. It can
be interpreted as the net unshared nucleotide diver-
sity between any two samples in a region. The vari-
ances of S and dA where calculated according to Nei
and Kumar (2000). The ratios SR/T and RT/T
estimate nucleotide differentiation NSR and NRT that
are analogous to GIJ, and they represent the propor-
tion of nucleotide substitutions unshared between
sample groups. We also estimated differentiation ac-
cording to the method of Hudson et al. (1992) as FST
1  (Hw/Hb), where Hw and Hb are the average
nucleotide differences among sequences within and
between samples, respectively. It measures the prob-
ability that two ßies randomly chosen from any two
samples differ by at least one substitution.
Tests forNeutrality andDemographicStability.De-
mographic expansions often characterize colonizing
species. Boom and bust dynamics characterize stable
ßy populations on a local scale. We used two methods
to examine the question of demographic stability in
stable ßies. In the Þrst method, the null hypothesis of
mutation neutrality was evaluated with Fs (Fu 1997)
test statistic, assuming the WrightÐFisher model of
mutation-migration equilibriumand selective neutral-
ity. Fs is a logistic transformation of the Ewens sam-
pling formula to detect distortions in the allele or
haplotype frequency distribution that may be caused
by selection or demographic expansion. Fs loge(SÕ/
[1  SÕ]), where SÕ  P(k0  ) is the probability of
observing at least k0 alleles in a population of size 
2Ne, estimated by the average number of nucleotide
differences among all sequences (Tajima 1989).
The second method is to estimate R2, which is pro-
portional to the difference between the number of
singletons Ui and mean number of nucleotide differ-
ences K given the number of segregating sites S: R2
S-1[(Ui  K/2)
2/n]1/2 (Ramos-Onsins and Rozas
2002). The rationale behind Fs and R2 is that high
proportions of rare haplotypes imply an excess of
young (i.e., recent) mutations, indicated by negative
Fs values and small R2 estimates. Simulations have
shown that Fs is the most efÞcient statistic to detect
departures from neutrality (Fu 1997), particularly in
large samples, and R2 is more efÞcient for small sam-
ples (Ramos-Orsins and Rozas 2002). DNAsp version
4.10.8 (Rozas et al. 2003) was used to estimate R2.
Haplotype Diversity. Analysis of haplotype fre-
quencies was performed by using formulae of Nei
(1987). The unbiased population diversity was esti-
mated as he  n(1  xi
2)/(n  1), where xi is the
frequency of the ith haplotype. Population identity JIJ
is deÞned as 1  he. The average diversity over s
populations was estimated as, HS  he/s. Total gene
diversity, HT, was estimated as the sum of the diver-
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sities within,HS, and between samples,DST, according
to the relation,HTHS	DST.Genetic differentiation
among samples was estimated as GST DST/HT, anal-
ogous to WrightÕs FST.
Phylogenetic Methods. Population and haplotype
dendrograms were constructed based on the Jukes
and Cantor (1969) model and the unweighted pair
group method with arithmetic mean (unweighted
pair-group method with arithmetic average) algo-
rithm. The genetic distance between populations was
estimated as djk  (3/4)loge(1  (4/3)p), where p
is the proportion of nucleotide differences between
two populations j and k, with variance of Vdjk 
9p(1  p)/(3Ð4p)2n (Jukes and Cantor 1969). This
one-parameter model assumes that any nucleotide
species can change to any other with equal probabil-
ity. The unweighted pair-group method with arith-
metic average algorithm assumes homogeneity of sub-
stitution rates among lineages, which we tested by
using the branch-length test (Takezaki et al. 1995).
The branch-length test evaluates the hypothesis of
homogeneous substitution rates among lineages. It
uses the normal deviate test statistics Z´/2 
 /(V())1/2, where  is the average intercluster ge-
netic distance and V() its variance (formula 5,
Takezaki et al. 1995). The reliability of the tree to-
pologywas assessed by testing the null hypothesis that
internal branch points equaled zero, by using the Z´/2
normal deviate test statistic. The foregoing test per-
formsbetter thannonparametricbootstrap replication
because it is independent of the tree-buildingmethod,
and it does not underestimate the clustering relation-
ship among lineages (Sitnikova et al. 1995).
Haplotype Age. The age of a haplotype is the time
since it arose from a nucleotide substitution (Slatkin
2000). Most haplotypes are composed of more than
one substitution, and themost recent substitution best
estimates age, assumingneutrality, and the inÞnite site
mutation model and approximately constant effective
populations sizes (Kimura andOhta 1973). The age of
a substitution can be estimated as a function of its
frequency (Kimura and Ohta 1973). Slatkin and
Rannala (2000) extended the foregoing method by
deriving the maximum likelihood approximation
Fig. 2. 2 distance map based on the Þrst two principal
components (PC) of mitochondrial haplotype frequency
variance in stable ßies.
Table 1. Nucleotide and haplotypemitochondrial diversities in
S. calcitrans populations worldwide (N  277)
r16S COI Composite
No. sites 259 550 809
Conserved 225 410 635
Variable 34 140 174
Shared 30 103 133
Singletons 4 37 41
No. haplotypes 19 62 76
Shared 7 10 9
Private 6 4 8
Singular 6 48 59
Diversity 
 SE
Nucleotide (S) 0.008
 0.001 0.015
 0.0002 0.012
 0.0001
Haplotype (HS) 0.30
 0.07 0.62
 0.09 0.65
 0.11
Table 2. Distribution of stable fly haplotypes by zoogeographic region
Haplotype no. Ethiopian Oriental Palearctic Neotropical Nearctic Total
7 2 2
9 12 12
14 25 25
16 3 3
19 4 8 3 15
22 2 28 15 45
23 2 2
34 6 12 22 40
35 2 2
36 2 2
41 15 15
45 2 2
52 5 5
60 14 14
63 5 12 17
68 5 8 13
71 4 4
N 45 42 97 16 77 277
No. haplotypes 25 17 22 3 17 76
No. singletons 20 12 13 1 13 59
Prop. singletons 0.80 0.71 0.59 0.33 0.76 0.70
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E(t1)  loge(1  p)  (2/n). The expected age
E(t1), in units of 2Ne generations, of a neutral allele
currently at frequency p in a sample of size n from a
population of constant effective size Ne. Estimates of
Ne were obtained as (2)1, where  was estimated
as previously stated (  13), and  is the average
substitution rate over all sequences, estimated to be
0.008.
Although neither Kimura andOhta (1973) nor Slat-
kin andRannala (2000) speciÞcally treated the case of
extranuclear genomes, our justiÞcation to extend their
methods to mitochondrial genes is based on the chief
assumptions of their model, namely, all mutations are
neutral and populations have approximately constant
effective sizes. We tested the haplotype distribution
against deviations fromexpectationsunder theneutral
inÞnite allelemodel and demographic stability, before
proceeding with the analysis. Slatkin and Rannala
(2000) suggested that age estimation based on fre-
quency alone is sufÞcient if the objective is to show
the age of one substitution relative to another in the
same data set, but insufÞcient when haplotype age is
related to other historical events.
All genetic statisticswerecalculatedwith codewrit-
ten in SAS, version 9.1.3 (SAS Institute 2003). When-
ever possible, calculations were checked with other
software, e.g., DnaSP 4.1 (Rozas et al. 2003) and
MEGA 3.0 (Kumar et al. 2004).
Results
Haplotype and Nucleotide Diversities. Nucleotide
variation was two-fold greater at COI than at 16S. 25%
of theCOI nucleotides and 13% of the 16S nucleotides
were variable (Table 1). Overall, there were 809 nu-
cleotides, 174 ofwhichwere variable and 133 ofwhich
were parsimony informative. Concatenation of vari-
antsproduced76haplotypesofwhich59were singular
(78% of the total) and eight (11%) were conÞned to
a single country and deemed private. Only nine hap-
lotypes were shared among two or more countries.
The haplotype distributions are presented by zoogeo-
graphic regions in Table 2. No haplotype was ubiqui-
tous, and only three of 76 (4%) were shared between
the Old and New Worlds. Correspondence analysis
revealed highly signiÞcant differences in haplotype
frequencies among regions [2(300)  595.8; P 
0.001], portrayed by the 2 distance map in Fig. 2 and
indicating that NW and Palearctic stable ßies were
genetically close.
The haplotype frequency distribution was consis-
tent with the WrightÐFisher inÞnite allele model, and
Table 4. Regional haplotype and nucleotide diversities in stable flies
Region Sample N
No.
haplotypesa
Haplotype diversity
HS
b 
 SE
Nucleotide diversity
c 
 SE
Ethiopian Ivory Coast 16 7 0.83 0.07 0.0182 0.0001
Kenya 29 20 0.94 0.03 0.0333 0.0002
Nearctic USA 77 17 0.78 0.03 0.0066 0.0050
Neotropical Brazil 16 3 0.43 0.13 0.0013 0.0002
Oriental Indonesia 24 7 0.64 0.10 0.0048 0.0032
Palau 2 2 1.00 0.50 0.0068 0.0008
Thailand 16 8 0.83 0.07 0.0075 0.0050
Palearctic Kazakhstan 16 6 0.73 0.10 0.0013 0.0002
Korea 26 7 0.71 0.07 0.0035 0.0026
Russia 32 8 0.74 0.06 0.0017 0.0001
UK 23 3 0.17 0.10 0.0003 0.0002
Sum and
means
277 76 0.71 0.11 0.008 0.002
a 2KW,4  8.02, P  0.05.
b 2KW,4  6.36, P  0.15.
c 2KW,4  8.73, P  0.005.
Table 3. Probabilities of haplotype frequency distribution under the infinite allele mutation model (Ewens 1972) and Fs (Fu 1997)
neutrality test of composite haplotypes
Region Sample N
No. haplotypes
(k)
Ewensa
, (P)
Fs, (P)
Ethiopian Ivory Coast 16 7 16, (0.10) 5.88, (0.10)
Kenya 29 20 30, (0.47) 0.77, (0.16)
Nearctic USA 77 17 6, (0.71) 0.37, (0.12)
Neotropical Brazil 16 3 1, (0.51) 1.2, (0.28)
Oriental Indonesia 24 7 4, (0.36) 1.42, (0.17)
Thailand 16 8 6, (0.21) 0.80, (0.21)
Palearctic Kazakhstan 16 6 1, (0.97) 2.27, (0.07)
Korea 26 7 3, (0.57) 0.51, (0.20)
Russia 32 8 1, (0.97) 2.38, (0.06)
UK 23 3 1, (0.95) 1.31, (0.16)
Total 275 76 13, (0.99) 20.72, (0.001)
a P(k), where   2Ne.
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the null hypothesis of neutral mutations was accepted
in each country as determined by Ewens sampling
formula andFuÕs Fs tests, respectively (Table 3). Even
when taken by region, Fs estimates were nonsigniÞ-
cant (data not shown). Fs taken over all samples was
signiÞcant, however, suggesting an overall excess of
rare haplotypes as may be expected particularly after
population expansions.Country-wideR2 values varied
from 0.13 to 0.15, except for the six North American
samples. There, R2  0.032, suggestive of rapid pop-
ulation expansions.
Spatial Diversities. The regional haplotype and nu-
cleotide diversities are presented in Table 4. Kenyan
and North American ßies had the most haplotypes,
and they were the most diverse. Ignoring Palau be-
cause its sample was only two, the fewest haplotypes
and least diversities were recorded in Brazil and the
United Kingdom. Numbers of haplotypes and nucle-
otide diversities () were heterogeneous among re-
gions based on a KruskalÐWallis test, but haplotype
diversity (HS) was regionally homogeneous. Overall
diversityHS 0.71. TheEthiopian regionwas themost
diverse and theNeotropical region the least diverse. It
isnotable that three samples fromtheUnitedKingdom
(England) also showed very low diversity.
The partition of haplotype and nucleotide diversi-
ties is shown in Table 5. Similar nucleotide diversities
were observed within (DSR 0.12,SR 0.0068) and
among (DRT  0.29, RT  0.0066) regions, but hap-
lotype diversities were twice as great among regions
than within regions. The average differentiation
among regionswasGST0.26 andNRT0.31.GST and
NRT represent the proportion of unshared haplotype
and nucleotide diversities among regions, and they
estimate the probability that two randomly chosen
ßies from two regions have different haplotypes and
mutations, respectively. A similar degree of regional
differentiation (FRT  0.35) was estimated by using
theprivate allelemethodof Slatkin andBarton(1989).
The regional estimates of differentiation are close
to the maximum values they may take given that they
cannot exceed the mean level of regional identity,
1HS, (Hedrick 2005).
It is shown in Table 6 that countrywide pairwise
estimates of genetic differentiation, GST, varied from
0.08 (Kenya and Ivory Coast) to 0.71 (United King-
dom and Brazil). Note that these comparisons involve
samples with the most and least diversities, respec-
tively. Shared identities Jij were zero in 36 of 55
(34.6%) pairwise comparisons. The U.S. samples
shared identities with Russia, Indonesia, Kazakhstan,
Brazil, and England. Thailand and Korea shared iden-
tities but not with any other country (Table 6).
Spatial Properties of New World Populations. Re-
gionally,NWstable ßiesweremore related toPalearc-
tic populations than to ßies in the Ethiopian or the
Oriental regions, as indicated by the nucleotide dif-
ferentiation index, NST (Table 7). Differentiation was
least between the Nearctic and Palearctic and the
Nearctic and Neotropical regions. Differentiation
among six Nearctic populations was signiÞcant when
singletons were (FST 0.09
 0.01) or were not (FST
0.08 
 0.02) included. The chief difference was be-
Table 5. Partition of haplotype (Nei 1987) and nucleotide
diversities (Nei and Kumar 2000) among stable fly populations
grouped by regions
Index Estimate 
 SE
Haplotype diversity
Within samples, HS 0.71 0.11
Samples (regions) DSR 0.12 0.01
Among regions, DRT 0.29 0.02
Total, HT 1.12 0.19
Differentiation
Samples within regions, GSR 0.11 0.01
Among regions, GRT 0.26 0.01
Nucleotide diversity
Within samples, S 0.0082 0.002
Samples within regions, SR 0.0068 0.001
Among regions, RT 0.0066 0.002
Total 0.0216 0.001
Nucleotide differentiation
Samples within regions, NSR 0.31 0.01
Among regions, NRT 0.31 0.04
Table 6. Genetic differentiation (GST, upper diagonal), number of scored haplotypes (diagonally), and shared identity (JIJ, lower
diagonal) between stable fly samples pooled by country
Sample Ivory Coast Kenya USA Brazil Indonesia Palau Thailand Kazakhstan Korea Russia Unite Kingdom
Ivory Coast 7 0.08 0.22 0.37 0.29 0.28 0.21 0.18 0.26 0.24 0.51
Kenya 0.08 20 0.16 0.33 0.23 0.23 0.15 0.18 0.20 0.19 0.46
USA 0.00 0.00 17 0.25 0.29 0.29 0.22 0.24 0.27 0.19 0.43
Brazil 0.04 0.01 0.21 3 0.48 0.44 0.39 0.39 0.45 0.34 0.71
Indonesia 0.00 0.00 0.02 0.00 7 0.35 0.29 0.33 0.34 0.32 0.57
Palau 0.00 0.00 0.00 0.00 0.00 2 0.28 0.32 0.32 0.31 0.53
Thailand 0.00 0.00 0.00 0.00 0.00 0.00 8 0.25 0.04 0.24 0.51
Kazakhstan 0.09 0.02 0.02 0.09 0.01 0.00 0.00 6 0.30 0.28 0.51
Korea 0.00 0.00 0.00 0.00 0.00 0.00 0.24 0.00 7 0.30 0.57
Russia 0.00 0.00 0.08 0.14 0.01 0.00 0.00 0.02 0.00 8 0.48
United Kingdom 0.00 0.00 0.18 0.00 0.08 0.00 0.00 0.11 0.00 0.14 3
Table 7. Regional numbers of haplotypes scored (diagonally,
in bold), shared (lower diagonal), and differentiation index NST
(upper diagonal)
Region Ethiopian Nearctic Neotropical Oriental Palearctic
Ethiopian 25 0.27 0.34 0.33 0.24
Nearctic 0 17 0.19 0.60 0.11
Neotropical 1 1 3 0.73 0.23
Oriental 0 1 0 17 0.46
Palearctic 1 2 2 3 22
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tween the Iowa and Minnesota samples (FST 0.25).
The corresponding index of gene ßow, according to
the island model, is 5 reproducing females per gen-
eration averaged over the six populations and 1.5
females per generation between Iowa and Minnesota.
Phylogenetic Relationships. The unweighted pair-
groupmethodwith arithmetic average Jukes andCan-
tor regional dendrogram is presented in Fig. 3. The
substitution rate was homogeneous among regions
(Z´/2  0.25, P  0.10), a key assumption of the
unweighted pair-group method with arithmetic aver-
age algorithm. The internal branch points (A, B, and
C) were signiÞcantly different from zero, supporting
the inferred topology. The dendrogram suggested a
close associationbetween theNWandPalearctic sam-
ples. Flies in the Oriental and the Ethiopian regions
each formed separate and genetically distant clusters.
Furthermore, the regional dendrogram was congru-
ent with the relationships suggested by the 2 dis-
tance map.
Figure 4 presents unweighted pair-group method
with arithmetic average JukesÐCantor phylogenetic
relationships among the six haplotypes with overall
frequencies 0.05. Its internal branch points differed
signiÞcantly from zero, attesting to its strength. Two
results are worth noting: 1) the most common haplo-
type in the NW (34) is most closely related to 41,
which was found only in the Palearctic; and 2) hap-
lotype 14, found only the Nearctic, clustered with 22,
a common Palearctic haplotype.
Haplotype Ages. Figure 5 shows the estimated age
distribution of nucleotide substitutions. Three hun-
dred and eighty-one substitutions were scored in 174
variable sites; the youngest was estimated to be only
39 and the oldest 20,047 generations old. Fifty-four
percent (206) of the substitutions were estimated to
be 2,000 generation old, and they were found at all
variable sites and in all haplotypes. We assumed the
annual number of generations varies in temperate
climates from 4 to 10 with a median of seven gen-
erations. These results suggest that most of the r16S-
COI variation in stable ßies is recent and suggestive of
explosive population growth over the past 300 yr.
Fig. 3. Stable ßy regional population dendrogram based on mitochondrial r16S and COI loci, by using Jukes and Cantor
model and clustering algorithm. Internal branch points (mean substitutions per site) A, B, and C were tested by standard
normal deviate statistic Z´/2 (Takezaki et al. 1995).
Fig. 4. Phylogenetic relationship (unweightedpair groupmethodwith arithmeticmean, Jukes andCantor) of the sixmost
common haplotypes. Internal branch points A to D tested by standard normal deviate statistic Z´/2 (Takezaki et al. 1995).
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Discussion
Haplotype and Nucleotide Diversities. Stable ßy
mitochondrial genomes are highly diverse: 174 (22%)
of 809 nucleotides from COI and 16S were variable,
accounting for 76 composite haplotypes observed in
277 ßies. There were 133 informative sites. The fre-
quency distribution of composite haplotypes was
highly skewed. Seventy-eight percent were singular,
and only nine (12%) were shared among samples.
Private haplotypes were found in all regions except
the Neotropical region, with a mean frequency of
0.09 
 0.04. The haplotype frequency distribution
conformed to inÞnite allele model expectations in all
samples pooled by country, and no regional selection
regime or other demographic process could be in-
voked, as indicated by Fs tests (Fu 1997). Estimated
over all samples, however, Fs was strongly negative,
and therefore consistent with population expansion.
The power to reject a null hypothesis, however, is
relatively small when sample sizes are small, say 25
(Ramos-Onsins and Rozas 2002). Ramos-Onsins and
RozasÕR2 testwas consistentwith the Fs tests, with the
important exception of North America, where R2 was
very small (0.03), suggesting population expansions. A
realistic interpretation of the Fs neutrality tests is that
no strong, demographically disrupting selection was
detected locally; therefore, thenull hypothesis of neu-
trality can be accepted. Population expansion, how-
ever, can be inferred, and it is likely to be case for the
North American population taken as a whole. Sam-
pling of the Neotropical region was inadequate to test
hypotheses related to population expansion, given the
local boom and bust dynamics characteristic of stable
ßies and the low diversity shown in the only sample
from that region.
SpatialDiversity. Stable ßypopulationswere highly
structured when considered over large geographic
scales; 74% of haplotype diversity and 38% of nucle-
otide diversity lay within countries and zoogeograph-
ical regions (Table 5). Kenya had the greatest number
ofhaplotypes (20), but it sharedonlyonewith theNW
(Brazil). Korea and Thailand shared haplotypes only
between themselves, whereas the United States
shared two of its 17 haplotypes with the Palearctic
region and onewith theNeotropical region. The Ethi-
opian and Oriental regions shared little diversity with
the others. Nucleotide differentiation NST was least
between the Nearctic and Palearctic (0.11) regions
and greatest between the Neotropical and Oriental
(0.73) regions. The average nucleotide differentiation
among regions (0.31) implies amean rate of gene ßow
of about one reproductive female per generation,
given the assumptions of the island model of disper-
sion.
The degree of population structuring in stable ßies
can be compared with that reported in other invasive,
colonizingmuscoidßy species.Cummings andKrafsur
(2005) surveyed mitochondrial COI diversity in 29
worldwide house ßy populations (N 293), and they
estimated mean population diversity (HS) to be 0.47
and overall genetic differentiation (GST) to be 0.30.
The evidence favored a Western European origin of
Nearctic house ßies. Face ßies were Þrst detected in
theNearctic atNovaScotia in 1952,where it is thought
they were introduced via wartime or postwar trafÞc
from western Europe (Krafsur 1995). Within 15 yr
of their initial discovery, face ßies became distributed
throughout southern Canada and all but the south-
ernmost United States (Krafsur andMoon 1997). Fur-
therworkbyCummingset al. (2005)onmitochondrial
COI variation among face ßies (N  119) from the
United States, England, Russia, and Kazakhstan af-
forded an overall estimate of FST 0.87. Pairwise FST
estimates were 0.02 between the United States and
England and 0.09 between United States and Russia.
Thus, house ßies and face ßies show comparably high
degrees of population structuring as stable ßies.
Phylogenetic Relationships. The origins of NW sta-
ble ßies are of interest. We consider three scenarios:
1) stableßies are endemic in theNewWorld and share
Fig. 5. Distribution of substitution age classes among 76 haplotypes.
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little variation with conspeciÞc Old World ßies, 2)
stable ßies were endemic in the pre-Columbian NW
and have received immigrants from the OW since the
colonial era, and 3) NW stable ßies are an invasive
species of recent OW origin(s) that were Þrst intro-
duced during colonial times.
Scenario 1 predicts a high degree of genetic isola-
tion between New and Old Worlds. It can be imme-
diately rejectedbecause 52 of 79 (ignoring singletons)
NewWorld ßies (66%) possessed haplotypes found in
the Palearctic. Scenario 2 predicts a preponderance of
private NW haplotypes plus a number of prevalent
OW haplotypes. The hypothesis would seem to be
supported by privateNWhaplotype 14, themost com-
mon Nearctic haplotype. It was detected nowhere
else, and it was equally common in the Þve Nearctic
samples, being found in 25 of 64 (39%) ßies. Long-
standing endemicity, however, would be a premature
conclusion, because haplotype 14 was estimated to be
only 1,935 generations old (300 yr)Ñwell within
the colonial era (i.e., post-1492 CE). Haplotype 14 is
most closely related to 22, the most common UK hap-
lotype, one that occurs also in the Nearctic at 23%
(ignoring singletons). Haplotypes 14 and 22 differ by
only one substitution (position 368). Thus, haplotype
14 is likely a recent descendant of haplotype 22. Thus,
it seems most unlikely that NW stable ßies have pre-
Columbian origins.
Scenario 3 predicts a relative paucity of private
haplotypes in the NW and a preponderance of the
prevalent OW haplotypes. Ignoring ßies with singular
haplotypes, 27 of 79 (34%) NW ßies possessed hap-
lotypes not detected in the OW, but, as already dis-
cussed, 25 of these 27 were closely related to a com-
mon Palearctic haplotype. Three common haplotypes
(19, 22, 34)were sharedbetween theNWandPalearc-
tic and are phylogenetically close (Fig. 4). Theweight
of evidence, therefore, supports the introduction of
stable ßies from the Palearctic to the NW in colonial
times.
Substitution Age. The substitution age proÞle
showed that about half of the variation (54%) at r16S2
and COI in stable ßies is recent (2,000 generations,
300 yr; Fig. 5) assuming an annual number of gen-
erations of 4Ð10, selective neutrality and approxi-
mately constant population size. Slatkin and Rannala
(2000) showed that variable population sizes lead to
symmetric under- and overestimation shifts in the
allele age distribution; thus, they will compromise the
ability to relate allele age to historical events but not
to other alleles in a survey. There is no evidence for
strong selection via a selective sweep such asmight be
caused byWolbachia-induced cytoplasmic incompat-
ibility (Werren 1997), because Wolbachia have not
been detected in stable ßies of diverse origins (J.G.M.
and E.S.K., unpublished data; S. L. Dobson, personal
communication). Demographic instability in stable
ßies is likely, however, as discussed below. The effect
of population expansion, according to simulations by
Slatkin and Rannala (2000), is to compress the esti-
mated time scale leading to a likely underestimate of
stable ßy haplotype ages.
Demographic Stability. Are stable ßy populations
demographically stable? We suggest they are not be-
cause they greatly ßuctuate in size over short intervals
in tropical (Rodriguez-Batista et al. 2005) and tem-
perate climates (Black and Krafsur 1985), at least lo-
cally. Over large geographic scales, it seems that an-
nual minimum population sizes are substantial, in the
tens of thousands or more. Very large springÐsummer
or wet season population expansions occur annually.
With respect to long-term changes in population
sizes, we might imagine that stable ßies accompa-
nied humankind and domestic animals as they spread
throughout the Palearctic as Pleistocene glaciers re-
treated. This scenario is consistent with a southern
Palearctic origin suggested by Brues (1913) or Orien-
tal origin suggested by Zumpt (1973). Since the post-
Pleistocene opportunity for large-scale population in-
crease, large-scale animal production has increased
worldwide, and stable ßies have thereby gained access
towhatwe imagine to be unlimited amounts of breed-
ing media (fermenting vegetable matter of all kinds).
This access allowed local populations to grow expo-
nentially for a few generations, only to crash at the
onset of unfavorable weather, loss of host animals for
bloodmeals, and, perhaps, density-dependent regula-
tion. Thus, local instabilities are coupled with a long-
term increase in stable ßy population numbers. Some
likely effects of this scenario on mitochondrial varia-
tion include a high frequency of singletons (ExcofÞer
2004). Indeed, 78%of 76haplotypes in stableßieswere
singular.
Concluding Remarks. Earlier work, based on nu-
clear DNA or its products, showed that genetic vari-
ation in North American stable ßies was less than in
house ßies and face ßies, species that also demonstrate
historically large population sizes.Mitochondrial vari-
ation, however, is substantial in stable ßies. The mi-
tochondrial genome subject to rapid evolution at the
nucleotide level and show divergence about four-fold
more rapidly thannuclear genomes because it is single
copy, does not recombine, and ismaternally inherited.
We used this mitochondrial variation to investigate
the origins of New World stable ßies and to elucidate
phylogeographic relationships among the sampled
populations. The most parsimonious scenario is that
NewWorld ßies had Palearctic origins within the past
500 yr.
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